The temperature dependent flow properties of highly filled polymer compounds intended for production of hard-metal parts by powder injection moulding (PIM) technology were studied. The pure binder based on polyethylene, ethylene and butyl acrylate block copolymer and paraffin, and its compounds with hard-metal carbide powder (up to 55 vol. %) were prepared by melt mixing at 180˚C. The flow properties were investigated at the temperature range from 140˚C to 200˚C using capillary rheometer operating flow at a constant piston speed. The measure of temperature sensitivity of PIM compounds, activation energy of shear flow, decreases with powder loading and shear rate. The Arrhenius relation for these materials is only valid in the stable flow region. At the temperatures above 170˚C the compounds filled with 45 vol. % carbide powder and higher exhibit an unstable flow of pressure oscillations type at the shear rates above 10 3 s -1 . The onset of pressure oscillations is strongly affected by temperature. The relation between critical shear stress for the onset of pressure oscillations and temperature is non-linear.
INTRODUCTION
Compounds based on hard-metal carbide powder and polymeric binder find application in production of sintered parts by Powder Injection Moulding (PIM) technology. The products of complex shape and relatively small size are manufactured via this technique. Generally, PIM technology can be divided into four main steps [1] . First, the powder (metal or ceramic) is compounded with polymeric binder, which is a mixture of polymers differing in physical and chemical characteristics. The viscosity of the binder has to be as low as possible, and simultaneously, the interactions between powder and binder have to sufficient, because in the next step the compound is formed via injection moulding. The resulting product is called "green part", which now undergoes debinding, where the polymeric binder is thermally or chemically removed out of the feedstock. This stage of PIM technology requires a multicomponent character of a binder, because it has to be extracted step by step without distorting or contaminating the compact. Finally, the product is sintered to the final density.
There are many problems that may arise at each stage of the PIM technology [2 -7] . It was found (using mainly X-ray analysis) [8] that most of these defects as shape distortions, crack bubbles or density heterogeneities of final parts were initiated during the moulding stage. Therefore, the understanding of the flow properties of such materials is the key to successful processing.
In papers [9, 10] we have shown that the PIM compounds are strongly shear rate dependent. After overcoming a yield point they can exhibit both shear thinning and shear thickening flow (depending on the filler loading). At high shear rate region their flow is accompanied by instabilities of pressure oscillations type.
A great deal of work has been devoted to understanding and explaining the origin of melt flow instabilities occurring in different flows [11] [12] [13] . A particular type of unstable flow are pressure oscillations as observed with certain linear polymers, like HDPE, LLDPE or metallocene LLDPE. The shear rate range where they appear lies below the range of chaotic flow [10] . The available hypotheses, which are often contradictory, can be found e.g. in the recent paper by Adewale and Leonov [14] .
Concerning filled polymeric systems, Isayev and Fan [15] observed unstable flow when studying system consisting of polypropylene filled up to 65 vol. % with silicon powder. In their case the unstable flow occurred on capillary rheometer over the entire range of shear rates studied (10 0 -10 2 s -1 ). Yilmazer et al. [16] , when investigating suspensions of poly(butadiene acrylonitrile acrylic acid) with 73 vol. % ammonium sulphate powders (particle size 400 mm and 23 mm), discovered a different area of unstable flow. They found that for such suspensions steady flows could not be obtained below the critical shear stress. In this event filtering of the matrix out of the suspension took place. By comparing the system filled with greater particles (400 mm) with that of smaller particles (23 mm) they found that for larger particles stable flow could not be obtained, whereas the smaller particles yielded flow without disturbances. In the previous papers [9, 10] we observed unstable flow of pressure oscillations type when dealing with systems consisting of multicomponent polymeric binder and hard-metal carbide powders close to the maximum volume fraction of the particles in the compound. The disturbances were influenced by the powder characteristics as well as its concentration.
To our best knowledge, none of the authors has studied in details the temperature effect on flow instabilities for such highly filled materials. The purpose of the experiments reported here is to investigate the possible effect of temperature on the flow properties of PIM materials with the specific regard to the flow instabilities found for high filler loading. 
EXPERIMENTAL

MATERIALS
MIXING PROCEDURE
The pure binder and a set of compounds containing 40, 45, 50 and 55 vol. % carbide powder were prepared on laboratory kneader Brabender Plasticoder PL-2000-6 with W 50E mixer. The concentrations were chosen to scale the region where disturbances were described for investigated materials in afore mentioned works [9, 10] . All mixtures were prepared at 180˚C with the blade rotation of 80 rpm. The mixing unit with net volume of 50 cm 3 and Z-blades with friction of 1.3 were used to mix the material. The mixing procedure was as follows: first, a portion (1/4) of the binder was put in the mixer to preheat. Then, during the first 2 minutes of blending, the filler and remaining binder were alternatively added. Over the last 2 minutes of the mixing cycle the kneader torque was always constant, indicating the mixture was as homogenous as possible under the given conditions. The total time needed to reach the mentioned constant kneader torque varied from 5 minutes for the pure binder to 18 minutes for the compounds containing 55 vol. % the powder.
METHODS
The rheological study of the compounds was carried out on Goettfert Rheograph 2001 capillary rheometer with barrel diameter D B = 12 mm. The capillary with plane entrance (180˚) had diameter D CAP = 1 mm and L CAP /D CAP ratio 20. The experimental temperature varied from 140˚C to 200˚C. Preheating time of 6 minutes was used to reach thermal equilibrium. In order to avoid air bubbles being trapped in the sample, the material was firmly pressed before the measurement. Shear rate varied from 20 to 1500 s -1 . The pressure was measured with Dynisco pressure transducers fitted close to the die. Their nominal ranges were 200 bars (2 * 10 7 Pa) for pure binder and 2000 bars (2 * 10 8 Pa) for the compounds. To ensure the reproducibility, a fresh mixture was used for each measurement. All compounds were measured three times at each temperature in order to verify the results. The apparent value of shear rate, g · app was obtained from relation:
The composition of the binder was as follows: I 21 wt. % paraffin wax I 26 wt. % EBA I 53 wt. % polyethylene As already mentioned in our previous work [9] , the choosing of the binder composition was based on a largely empirical ground. Paraffin is likely to decrease the viscosity of the mixture due to its low molecular weight, however polyethylene ensures that the shear forces necessary to disperse particles and break up agglomerates are sufficient. Adhesion between powder and binder is achieved by a copolymer used [9, 10] .
Hard-metal carbide powder, supplied by Pramet Sumperk, Ltd., Czech Republic, was used. Tungsten carbide and cobalt alloy were the main components of the powder with the density of 14.53 g/cm 3 . The shape of the particles was irregular with small aspect ratio as displayed in Fig. 1 . The distribution of particle sizes is given in Table  1 . The powder was prepared by milling all components in an inert liquid in a ball mill. This was followed by a drying process.
Particle size d Percentage of particles [mm]
[%] (1) with Q · denoting the volume flow rate, and R CAP the capillary radius. The apparent shear stress, t app was determined from formula:
where p is the pressure in the reservoir and L CAP means the capillary length. For simplicity, in the following text the apparent shear rate and apparent shear stress values are referred to as shear rate and shear stress, respectively. 
RESULTS AND DISCUSSION
FLOW PROPERTIES OF PIM COMPOUNDS
The dependence of the shear viscosity on the shear rate and shear stress, respectively, is demonstrated in Figs. 2 and 3. As can be seen, the shear viscosity is more sensitive to shear stress than to shear rate and this effect tends to be more pronounced with increasing filler content and with rising temperature. As expected, the shear viscosity was observed to be strongly dependent on temperature; with higher temperature the shear viscosity decreases for all investigated materials. With increasing filler content this effect is less pronounced. In the following, the concentration data specifying the carbide powder content in the compounds will be given as volume percentage. The pure binder, Figs. 2a and 3a, exhibits very good flow properties without any pressure oscillations over the entire measured shear rate range. The pure binder shows shear thinning flow curves for all tested temperatures. The Newtonian plateau can be found in the region of low shear rates (below 10 2 s -1 ) for temperatures above 180°C. Due to the very low viscosity of the melt in this shear rate region at 200˚C, the material flowed out of the capillary without any pressure response.
The results for the compound containing 40 % carbide powder are plotted in Figs. 2b and 3b. The increase of the filler content shifts the flow curve upwards, but the flow is still stable, even for the highest testing temperature. However, for the compound containing 45 % carbide powder (Figs. 2c and 3c ) the first pressure oscillations are noticed at the temperature of 200°C. The onset of unstable flow is found at the shear rate of 1000 s -1 (t c = 2.25 * 10 5 Pa); t c is the "critical" shear stress at which the flow changes from stable to unstable. The flow disturbances are displayed as double-branched region on the flow curve. In comparison with the "classical" spurt of unfilled polymers (HDPE, LDPE, etc.) the flow pattern is different. For pure polymers the upper branch of the flow curve ends at the shear rate or shear stress where the pressure oscillations disappear. Beyond that range, the flow follows the lower branch. In case of hard-metal carbide powder compounds the lower branch of the flow curve extends only over the pressure oscillation region; outside of this region the overall flow can be expressed by a continuous line [9, 10] .
Rather different picture can be observed for the compound with 50 % carbide powder (Figs. 2d and  3d) Upon increasing temperature the onset of pressure oscillations moves to lower shear rates. Furthermore, the amplitude of pressure oscillations increases with rising temperature and increasing shear rate, as can be clearly seen in Fig. 2d . At temperature 200°C the amplitude of pressure oscillations is of much greater than that of oscillations at 180˚C. The data reproduced in Figs. 2e and 3e show the results for the compound filled with 55 % carbide powder. In this case the stable flow is registered only for temperatures up to 160°C; at higher temperatures the flow becomes unstable. In these figures the temperature dependence of flow instabilities is clearly depicted as in the case of Figs. 2d and 3d. The shear rate dependence of the pressure oscillations amplitude is not as pronounced in the case of the compound containing 55 % carbide powder as it is for 50 % filler (Figs. 2d and 3d) .
The pressure oscillations were accompanied by melt rapture and abrupt squirting of the extrudate. When the pressure in the barrel reached the maximum value (upper branch of the flow curve), the extrudate spurted out of the die and the pressure dropped dramatically to its minimum value (lower branch of the flow curve), then the pressure began to increase again and next period started. The frequency of pressure oscillations increased with increasing shear rate for all materials where unstable flow was observed. This is in agreement with findings by Isayev and Fan for ceramic compounds [15] . Table 2 summarises the dependence of critical shear stress, t c , on temperature for compounds where the flow disturbances were observed. The critical shear stress decreases with increasing temperature in a non-linear way, as can be seen in Fig. 4 . Wang and Drda [17 -19] reported for conventional polymers a linear relationship between t c and temperature for the temperatures range above 200˚C. The observed deviation from this behaviour for temperatures below 200˚C was accounted to some flow-induced disentanglements of chains adsorbed at the capillary wall from those in the bulk.
CRITICAL SHEAR STRESS AT THE ONSET OF UNSTABLE FLOW
According to Pérez-Gonzáles et al [20] , however, the relationship between τ c and temperature is not linear, having a minimum value of t c at a critical temperature T c . For temperatures above T c ,the observed increase in t c with rising temperature was explained on the basis of an increase by growing distance between entanglements. At temperatures below T c , the increase in t c with falling temperature was the result of flow induced phase change. It might be speculated that highly filled compounds form a particulate structure that acts similarly to the polymer entanglements network.
AMPLITUDE OF PRESSURE OSCILLATIONS
As already mentioned, the amplitude of pressure oscillations is strongly dependent on the carbide powder content and temperature. The amplitude has been found to have a different character for compounds containing 50 compared to 55 % carbide powder. In the former case the observed amplitude rises with increasing temperature for all shear rates where unstable flow occurs. An opposite trend can be seen for the latter case, where the amplitude of pressure oscillations lessens with increasing temperature. Fig. 5 compares the amplitudes of pressure oscillations for the compounds at all comparable shear rates in relation to the temperature where this opposite trend can be clearly seen. The pressure oscillations amplitude was increasing with higher shear rate, which is in contrast with findings by Isayev and Fan [15] , who observed the amplitude almost constant for any plunger speed when investigated material with similar concentration of components.
It is well known [e.g. 21] that the pressure oscillations are dependent on the position of the piston in the barrel. Therefore, in order to make the measurements accurate the amplitude of pressure oscillations was always taken in the same position of the piston in the barrel.
ACTIVATION ENERGY OF SHEAR FLOW
The activation energy of shear flow, ∆E, was determined from the dependence of the shear viscosity on the reciprocal absolute temperature according to Arrhenius equation (3): (3) where h 1 and h 2 are viscosities of mixtures at absolute temperatures T 1 and T 2 , respectively and R is the gas constant. The data of activation energy were taken at shear rates 50 s -1 (stable region of the flow curves) and 1000 s -1 (flow disturbances region). The condition that the data should be determined in the stable flow region prior to spurt was not satisfied in the case of the compounds containing 50 and 55 % carbide powder, where the stable flow region was only over the small shear rate range (see Fig. 2 ). Fig. 6 shows the results for all investigated compounds (40, 45, 50 and 55 %) and pure binder. The data for shear rate 1000 s -1 of the compounds filled with 45 to 55 % of the filler were taken from the stable branch of the flow curves. For all materials the relation between the shear viscosity and the reciprocal absolute temperature is linear in stable flow region, thus Arrhenius relation is valid for these materials. The linear fit to these data was undertaken only to the data from stable flow.
As can be seen from the slopes of the curves in Fig. 6 the activation energy decreases with shear rate and also with filler content. The values of activation energy are collected in Table 3 . For filled systems the activation energy is not constant, but it varies with the volume fraction of solids. High activation energy indicates a high sensitivity of the system to temperature change. Two different explanations of the dependence of activation energy on the filler content can be found in the literature. German [1] suggests that activation energy rises with increasing filler content. His idea is based on the explanation that the relative rate of viscosity decrease is typically ln h h Ù greater in the loaded system, due to the superimposed change in volume fraction of solids associated with the difference in thermal expansion coefficients. Shenoy [22] , on the other hand, suggests an opposite dependence of the activation energy on the filler content. His explanation is that the viscosity of filled system is less temperature sensitive compared to the viscosity of pure polymeric binder, which is obviously true because the fillers provide very little free volume change with temperature in relation to the binder. This idea was also confirmed by the work of Liang and Li [23] .
The data from our investigations confirm the Shenoy [22] idea that the activation energy of shear flow decreases with increasing filler content against the German's [1] suggestion, which offer the idea of increasing activation energy with rising filler content.
CONCLUSION
It has been observed that the flow properties of PIM compounds are strongly temperature dependent -with increasing temperature the shear viscosity decreases. This dependence in less pronounced as volume fraction of solids in the compound increases. The activation energy of shear flow is a decreasing function of both the volume fraction of hard-metal carbide powder and the shear rate. PIM compounds follow the Arrhenius relation in the stable part of their flow curves only.
Temperature and loading were found to be the key factors limiting the onset of the flow instabilities of pressure oscillations type observed for compounds containing 45, 50 and 55 % hard-metal carbide powder. The critical shear stress at the onset of pressure oscillations is shifted toward higher values as the temperature decreases; the dependence is non-linear.
Two different types of temperature dependence of the pressure oscillations amplitude have been found. While for the compounds filled with 50 % carbide powder the amplitude of pressure oscillations increases with rising temperature, the opposite trend can be observed for 55 % compounds.
